The larvae of Sunburst Diving beetle (Thermonectus marmoratus) are highly efficient visually guided predators. The principal eyes of these larvae are extremely unusual among eyes in the animal kingdom. These eyes are long and tubular, with bifocal lenses and two retinas: the distal retina that lies in close proximity to the lens followed by the proximal retina. The unique anatomical and physiological organization of these eyes raises the question of what kind of spectral cues are perceived by the distal and proximal retina.
INTRODUCTION
The photosensory organs in holometabolous insect larvae are called stemmata. Stemmata are believed to have evolved from the earliest developing components of the compound eyes of hemimetabolous insect ancestors (Buschbeck and Friedrich, 2008; Liu and Friedrich, 2004) .
They are completely lost during pupation and replaced by compound eyes in the adults. They exhibit a great deal of diversity in terms of their general organization, and sometimes are specialized for specific tasks. In caterpillars for instance, the stemmata can discriminate between different wavelengths of light (Gilbert, 1994) . The stemmata in tiger beetles are image-forming eyes that aid in prey capture (Gilbert, 1994; Toh and Mizutani, 1987; Toh and Mizutani, 1994; Toh and Okamura, 2007) . Another example of complex stemmata is present in the larvae of Sunburst Diving beetles (Thermonectus marmoratus). These highly efficient aquatic hunters possess six stemmata (E1-E6) on each side of the head. Each of these stemmata has two morphologically distinct retinas -the distal retina in closer proximity to the lens, and the proximal retina that lies beneath the distal retina (Maksimovic et al., 2009; Mandapaka et al., 2006) . The two antero-median stemmata (E1 and E2) on each side are the forward pointing principal eyes. Set at +35 o angle from the horizontal body plane, E1 and E2 are the largest of all the stemmata and are used to vertically scan the beetle's prey before capture (Buschbeck et al., 2007) . The remaining stemmata (E3-E6) are lateral eyes and are used for prey detection.
The principal eyes E1 and E2 of Thermonectus larvae are among the most unusually organized eyes in the animal kingdom. Two morphological specializations of these eyes are at odds with typical eye design. First, the eyes are long and tubular and have a bifocal lenses with the image presumably being focused on the two retinas simultaneously (Stowasser et al., 2010) . Second, the distal retina is composed of retinular cells that are arranged in layers, with the long axis of their light-sensitive segments oriented perpendicular to the direction of light. The light-sensitive segments of photoreceptors of the proximal retina are more typical, and are aligned with the direction of light (Maksimovic et al., 2009; Mandapaka et al., 2006) .
Using sequence analysis and in-situ hybridization, it has been shown that the third instars express two opsin genes. Specifically, the distal retina expresses a long-wavelength sensitive opsin
TmLW, and the proximal retina expresses an ultraviolet-sensitive opsin TmUVII (Maksimovic et al., 2009) . This opsin arrangement is highly unusual and would not allow for compensation of chromatic aberration as in the case of the antero-median eyes in jumping spiders (Kelber, 2006) . This is because the longer wavelength opsins are expressed distally to that of the UV.
Physiological characterization of the proximal retina using intracellular recordings in the intact animal has established that TmUVII is spectrally sensitive in the ultraviolet, with peak sensitivity around 375nm (Maksimovic et al., 2011) . However, the orthogonally-layered arrangement of the distal retina proved difficult for intracellular electrophysiological measurements. To more directly assess the spectral sensitivity of TmLW and TmUVII opsins, we here pursued an alternative method, ectopic expression in Drosophila. Besides enabling us to find the spectral sensitivity of the distal retina, this method would also provide insight into the spectral sensitivity of the TmUVII opsin within the confinements of a differently designed and better-known system, the compound eye of Drosophila melanogaster. Also, the role of other factors such as screening and accessory pigments that may influence the spectral sensitivity of an animal can be investigated (Stavenga 2002) . (Fig 1) The outer photoreceptors (R1-R6) in Drosophila dominate the physiological and photochemical properties of the compound eye, thereby serving as a suitable template for the expression of novel opsins (Heisenberg and Wolf, 1984) . This method has been successfully applied to the characterization of the minor opsins in Drosophila (Rh2, Rh3, Rh4, Rh5 and Rh6) as well as honeybee, Limulus and even vertebrate opsins (Feiler et al., 1992; Salcedo et al., 1999; Townson et al., 1998; Ahmad et al., 2006; Knox et al., 2003; Engels et al., 2000; Zuker et al., 1988) . The photoresponse is mediated by opsins, which are light-sensitive proteins that when paired with a vitamin A-derived chromophore, perform the first step in the conversion of light energy (photon flux) into a neural signal via the visual transduction cascade. The chromophore is covalently attached by Schiff's linkage to a Lys residue in the seventh transmembrane domain of the opsin (Bownds, 1967; Wang et al., 1980) . Absorption of a photon causes the isomerization of the chromophore (from 11-cis to all-trans conformation) at which point rhodopsin in its active form, metarhodopsin, capable of interacting with G-proteins ultimately alter the membrane conductance (For review, see Montell et al., 2007; Hardie 2012) . Specific interactions between the amino acid side chains of the opsin α-helices and its chromophore determine its spectral sensitivity (Chan et al., 1992; Zhukovsky et al., 1989) .
To functionally investigate the spectral sensitivity of the distal and proximal retina, we used targeted expression of the opsin genes (TmLW and TmUVII) in the major photoreceptors (R1-R6) of Drosophila. Specifically, we employed P-element mediated transformation to insert the opsin DNA into the genome of Drosophila yw; ninaE mutants, which are deficient in native opsin Rh1 and screening pigments (Rubin and Spradling, 1982) . The opsin gene, once ectopically expressed in R1-R6, was then tested by electroretinograms (ERGs) to assess the photoreceptor's spectral sensitivity.
Two different ERG assays were used to ultimately determine the spectral sensitivity, which is defined as the reciprocal of the light intensity (measured as photon count) required to elicit a criterion response at each wavelength. We assessed the spectral response, which measured the response strength of the eye to different wavelengths at constant light intensity (Menzel et al., 1986 ). In addition, we determined the eye's responses to different intensities near peak wavelength (V-log I curve). Based on these data, we used an established function to convert the spectral response to spectral sensitivity, and fit the resulting curve with conventional rhodopsin templates to establish peak sensitivity (Naka and Rushton, 1966; Govardovskii et al., 2000) .
To assess the expression levels of the inserted opsin, we performed another ERG assay called prolonged depolarization afterpotential (PDA) that is based on the recycling of rhodopsin in invertebrate photoreceptors. Photoconversion of rhodopsin (R form) in invertebrates leads to the formation of thermally-stable metarhodopsin (M form) whose maximal wavelength absorbance differs dramatically from that of the R form. In addition, the two forms are interconvertible, meaning that under a particular illumination condition, there always exists a ratio of the R to M forms dependent on the spectral composition of the illumination (Stavenga 1992) . This ratio of the R to M forms provides the basis for the generation of prolonged depolarization afterpotentials (PDAs) in white-eyed flies. Whenever a considerable amount of rhodopsin is converted to its M form, a PDA is established. During a PDA, light-evoked depolarization is maintained even after the stimulus is turned off and the eye becomes refractory to subsequent light stimuli (Pak 1979) .
It is now known that photoconversion of metarhodopsin to the active rhodopsin form requires that it binds to arrestin (Dolph et al., 1993) . Molar excess of metarhodopsin over available arrestin prevents the repolarisation of the receptors at the end of a stimulus, thereby causing a PDA. In flies with low levels of rhodopsin, a PDA is not induced since the levels of available arrestin are always higher than metarhodopsin. Thus, PDA is an effective assay to measure the levels of opsins in invertebrate photoreceptors (with normal levels of arrestin). In fact, this assay was used for the screening and identification of a large number of Drosophila mutants that had deficient levels of rhodopsin (for review, see Pak, 1979) .
Research on stemmata is limited and has been overshadowed by work on the compound eyes of adult insects. Previously, only a few studies have aimed at explaining the function of larval stemmata (Gilbert 1994) . Electrophysiological studies to measure spectral sensitivity have been restricted to several Lepidopteron species (Ichikawa and Tateda, 1980; Ichikawa and Tateda, 1982; Lin et al., 2002) . So far, only two reports have been published that characterize larval photoreceptor sensitivities physiologically (C. chinensis stemmata: 525nm; T. marmoratus stemmata: 375nm) (Mizutani and Toh, 1995; Maksimovic et al., 2011) . Thus, the present investigation, in addition to specifically helping us understand the unusual organization of the T.
marmoratus principal eyes, also sheds further light onto a very scientifically shady area, the visual signal processing in insect stemmata. And finally, to our knowledge, this is the first account of heterologous expression of Coleopteran opsins in Drosophila.
METHODS

Ectopic expression of TmLW opsin gene
The full length TmLW opsin gene was cloned into the pGEM-T Easy Vector (Promega, Madison, WI, USA) as previously described (Maksimovic et al., 2009) . A 1350 bp EcoRI fragment including the entire coding sequence and the 3'-untranslated region of the TmLW gene was subcloned into a pGEM-7zf (-) vector containing a ~ 2.9kb of Drosophila ninaE promoter sequences (including the TATA box, transcription start site, 33 bp of 5'-untranslated region and a short polylinker (Chou et al., 1996) (kindly provided by Dr.Britt, School of Medicine, University of Colorado). Specifically, the TmLW gene fragment was cloned at an EcoRI site following the 3' end of the ninaE promoter. To facilitate further cloning, a 38bp polylinker was added to the pGEM-7zf vector prior to the 5' end of the ninaE promoter. For P-element mediated transformation, a ~4.3kb region from pGEM-7zf containing the 5' ninaE promoter, TmLW gene and 3' UTR was subcloned into the XhoI site of the y+(yellow gene)-marked P-element vector pYES (Patton et al., 1992) (kindly provided by Dr. Britt, School of Medicine, University of Colorado) (Fig 2A) . Sequence analysis was performed to confirm the orientation of the construct in the P-element vector.
Ectopic expression of TmUVII opsin gene
The TmUVII 
P-element mediated transformation and fly crosses
The Out of the seven fly lines with P[TmLW], two lines (line 7 and line 5) that had the insert on the 2 nd and the X chromosome respectively, were retained and crossed with balanced yw; ninaE Drosophila to avoid the influence of the native Rh1 fly opsin (Fig 3B,3C 
Electrophysiology
Electroretinograms (ERG) were performed on white eyed flies raised at room temperature in 12 hour light/dark cycles. Flies were immobilized with dental wax and the measuring electrode, a cotton wick dipped in a glass capillary tube filled with normal saline (0.9% w/v NaCl) was placed on the surface of the eye. The reference electrode was a silver wire that was placed in the abdomen of the fly.
All recordings were performed in a Faraday cage, on the TMC 66-501 vibration isolation table (Technical Manufacturing Corporation, Peabody, MA, USA) using standard electrophysiological equipment ( Fig 4A) including an A-M Systems Neuroprobe amplifier 1600 (A-M Systems, Inc., Sequim, WA, USA), Tektronix Oscilloscope 5111A (Tektronix, Inc., Beaverton, OR, USA) and an iWorks AD board 118 (iWorks Systems, Inc., Dover, NH, USA). Data was stored onto a PC computer using iWorksLabScribe software (iWorks Systems, Inc., Dover, NH, USA), and analyzed using customized programs in MATLAB (The Mathworks, Inc., Natick, MA, USA).
The sampling rate for all the recordings was set at 10 KHz.
A 150W Xenon arc lamp coupled to an Oriel Cornerstone 130 1/8m 74000 monochromator (Oriel Instruments, Stratford, CT, USA) was used to generate monochromatic light stimuli. The intensity of the stimulus was controlled with a Newport circular variable neutral density filter 50G00AV.2 (Newport Corporation, Irvine, CA, USA) operated with a Newport Newstep
Controller NSC200. The filter was mounted onto a Newport NSR-12 motorized rotator stage and placed in line with the output slit of the monochromator. A converging lens (f= 10 cm) was used to focus the light from the monochromator onto the tip of an optic fiber, the other end of which was positioned ~ 1 cm from the fly eye. Prior to the experiment, the intensity of the light at the tip of the fiber was calibrated using an Ocean Optics USB2000+ spectrometer (Ocean Optics, Inc.,Dunedin, FL, USA) (Fig 4A) .
To assess the spectral response, the intensity of monochromatic light flashes was pre-calibrated at 6.5*10 12 photons/cm 2 /sec for all wavelengths. A typical spectral response recording consisted of measuring the eye responses to equiquantal monochromatic light stimuli ranging from 300-640nm in 20 nm steps. At each wavelength, three pulses, each 300 msec separated by 1.7s were used. To maintain stability, a second set of responses were recorded by stimulating in the opposite direction (640-300nm). The two runs (300-640 and 640-300) were plotted on top of each other. If the peaks did not shift, the average amplitude of responses of the two sets was used for further analysis. A 10 sec time interval between consecutive wavelengths allowed for the eye to recover between light stimulations.
The response-stimulus intensity (V log I) function was measured at the approximate peak wavelength, determined from the spectral response results. Specifically, the peak wavelength for the P[TmLW] and the P[TmUVII] flies was 500nm and 380nm respectively. Responses to monochromatic light stimuli ranging from ~4.5*10 11 to 8.5*10 14 photons/cm 2 /sec in 0.25 log steps were recorded.
In addition to the spectral response, we also tested flies for the presence of prolonged depolarization afterpotential (PDA). In this assay, five pulses of monochromatic light were used (each five seconds long separated by 10 second intervals). The PDA from P[TmLW] flies was recorded using light stimuli at 480nm and 570nm, while with P[TmUVII] flies, the stimulating light was 380nm and 470nm.
Analysis
Both the spectral response and V-log I results were analysed using a custom-made MATLAB code. Briefly, an average of 500 data points corresponding to a 50 msec window preceding the start and termination of the stimulus was noted as the baseline window and response window respectively. As shown in Fig 4B, the response amplitude was computed by assessing the difference between these two windows. The hyperbolic Naka-Rushton (NR) function (V/V max =I n /(I n +k n ), where V is amplitude of the response, V max is maximum response amplitude, I is the stimulus intensity, k is the stimulus intensity at V max /2, and n is the slope of the function) was fitted to the V log I data using a curve-fitting tool (cftool) in MATLAB to obtain values fork, n and V max (Menzel et al., 1986; Naka and Rushton, 1966; Skorupski and Chittka, 2010) .
The best fit to the NR function was taken to extrapolate the V log I curves for all other wavelengths. The spectral sensitivity was then determined as the reciprocals of photon count required to elicit equal response amplitudes at wavelengths ranging from 300-640nm. Finally, the spectral sensitivity data was fitted to the Govardovskii et al. rhodopsin absorption template to find the maximal sensitivity of the opsin in question (Govardovskii et al., 2000) .
RESULTS
To characterize the spectral properties of the TmLW and TmUVII opsins, we expressed the genes encoding each of the visual pigment in Drosophila photoreceptors. The Drosophila visual system serves as an appropriate platform for the characterization of ectopically expressed opsins in vivo (Feiler et al., 1992; Salcedo et al., 1999; Townson et al., 1998; Ahmad et al., 2006; Knox et al., 2003; Engels et al., 2000; Zuker et al., 1988) . By pairing the structural Thermonectus opsin genes with the ninaE promoter, we exclusively target their expression to the outer major photoreceptors in Drosophila (R1-R6) (Fig 3C and 3D) . The R1-R6 photoreceptors demonstrate a vigorous response to light and are responsible for the optomotor behavior in fruit flies (Heisenberg and Wolf, 1984) . 
Electrophysiological properties of P[TmLW] and P[TmUVII] flies
To test whether the opsins were functional in their new cellular environment, we performed electroretinograms on control and two lines each of P[TmLW] and P[TmUVII] flies.
Electroretinograms are extracellular electrophysiological recordings that measure the pooled light-induced responses from a compound eye. White -eyed (w 1118 ) flies were used in the experiments because the removal of the red screening pigments strongly enhanced the animal's sensitivity to light and also prevents the influence of screening pigments on the absorbance spectra. Figure 5A illustrates the wild-type ERGs recorded from white-eyed (yw) flies that have the native Rh1 opsin in the outer photoreceptors R1-R6. White-eyed (yw) flies show a robust negative voltage change that is maintained for the duration of the stimulus. In addition, a positive "on" and a negative "off" transients are also observed at the onset and the cessation of the stimulus respectively. These "on" and "off" transients have been shown to originate from the first optic neuropil (lamina) and are induced only by the activation of the R1-R6 photoreceptors (Heisenberg, 1971; Heisenberg and Wolf, 1984) . The sustained depolarization is generated directly from the three classes of photoreceptors R1-R6, R7 and R8 that have functional opsins.
ERGs from yw; ninaE flies lack the "on" and "off" transients and have a dramatically reduced magnitude of depolarization that arises from the inner photoreceptors R7 and R8, both of which are unaffected by the ninaE mutation (Fig 5B) (Johnson and Pak, 1986) . Transgenic flies expressing the TmLW and TmUVII opsins display a sustained negative response to light at relevant wavelengths (440-540nm and 340-360nm respectively) (Fig 5C,D) . However, the amplitude of response in the transgenic flies was greatly reduced when compared to the yw flies and was not higher than the yw; ninaE mutants. The decreased response might be due to the occurrence of low levels of the ectopically expressed opsins in the outer photoreceptors R1-R6. 
Spectral sensitivity of the TmLW opsin
To elucidate the spectral sensitivity of the TmLW opsin, we electrophysiologically measured the response of the two independent lines (line 7 and 5) of P[TmLW] flies to wavelengths ranging from 300-640nm, followed by their response to varying light intensities near its peak wavelength (500nm). As shown in figure 7A ' (inset) white-eyed (yw) flies demonstrate a dual peak in sensitivity, one in the UV and the other in the blue-green region of the spectrum. The peak in the UV (~360nm) is usually attributed to the sensitizing pigment that is characteristic of Dipterans (Kirschfeld 1988) . This sensitizing pigment absorbs the energy from an incident photon in the UV and transfers it to the rhodopsin, thereby inducing isomerization and activation of visual pigment (Kirschfeld and Franceschini, 1977; Stark et al., 1977; Minke and Kirschfeld, 1979) .
The sensitivity peak in the visible region at 486 nm can be attributed to the Rh1 opsin present in the outer photoreceptors in Drosophila (R1-R6). consistent with low opsin levels. In all the recordings, the pulse was 5 sec long. Figure 7A and 7B depict the comparison of the spectral response and V logI curves of the yw; ninaE (n= 8) and P[TmLW] (line 7: n= 11 line 5: n= 2) flies, respectively. As mentioned earlier, the response of the transgenic flies was less than that of the yw; ninaE. Flies with ectopically expressed TmLW also show a dual peak in the spectral response assay similar to the yw controls.
The first peak in the UV coincides well with the peak from the spectral response of the yw; ninaE flies and might be contributed to the sensitizing pigment as well as the residual effect of the intact R7 and R8 opsins. In addition, P[TmLW] flies show a second peak in the blue-green region that is clearly absent in yw; ninaE mutants. This peak, well-fit by a rhodopsin nomogram with an absorption maximum at 483.3 nm (R 2 =0.9851) can be attributed to the inserted TmLW opsin (Fig 8A) . To compensate for the non-ninaE-dependent signal (sensitizing pigment, R7 and R8 opsins) and evaluate the spectral sensitivity of just the TmLW opsin, we subtracted the absolute values of the spectral sensitivity curve of the yw; ninaE from that of the P[TmLW]
curve. As illustrated in figure 8B , fitting a rhodopsin nomogram to the subtracted curve rightshifts the maximal wavelength to 487.3 nm (R 2 =0.995). 
Spectral sensitivity of the TmUVII opsin
Both lines of P[TmUVII] flies (line 2: n = 5; line 3: n= 3) independently showed a relatively low response when compared to the yw; ninaE flies ( Figure 9A ). These transgenic flies show a clear broad curve in the UV region of the spectrum. Nonetheless, distinguishing the maximal sensitivity of the Thermonectus ultraviolet opsin is difficult because the peak lies in the same region as the peak of yw; ninaE flies. However, among all tested P[TmUVII] flies, one fly from line 2 showed a particularly strong response in UV, with a response that otherwise was comparable to that of yw; ninaE flies( fig 9B) . We used the response of that fly to subtract the average spectral response of yw; ninaE flies. Subtraction analysis reveals a curve that has a sharp peak at ~380nm, which possibly can be attributed to the TmUVII opsin ( fig 9C) . This value is in strong agreement with the peak sensitivity of the TmUVII opsin obtained via intracellular recordings (Maksimovic et al., 2011 ). 
DISCUSSION
In this work, we performed a series of experiments to spectrally characterize Thermonectus larval opsins TmLW and TmUVII. These opsins native to the distal and proximal retina of the larval principal eyes were ectopically expressed in Drosophila. Both opsins, when inserted into "blind" ninaE mutants rescue the phenotype and show an adequate response to light stimuli.
TmLW codes for a visual pigment that has a maximal sensitivity in the blue-green region of the spectrum, whereas TmUVII -expressing flies are exclusively sensitive to UV light.
Evidence for the successful expression of the TmLW opsin in Drosophila melanogaster
Although measured ERG responses from the transgenic P[TmLW] flies were weak, there is evidence for the successful expression of the TmLW opsin gene. Specifically the recovery of the "off" transients, which are synaptic potentials arising in the lamina onto which the outer photoreceptors project, in the ERG recordings strongly suggests that this opsin is in a biologically active state in the R1-R6 photoreceptors of Drosophila. Also, the "off" transients seem to be restricted to the wavelength range for which the inserted opsin is predicted to be sensitive, i.e, 440-540nm and absent at all other tested wavelengths. Somewhat surprising is that the transgenic flies were generally less sensitive to light and have reduced response amplitudes compared to yw; ninaE. The reasons for the decreased response can only be speculated. First, the chromophore present in the photoreceptors of Drosophila (3-hydroxy-11-cis-retinal) is different from that present in Thermonectus larvae (Smith and Goldsmith, 1990) . Although the exact chromophore in Thermonectus is unknown, previous studies in other diving beetles point towards the existence of both retinal and hydroxy-retinal as chromophores in Coleopterans (Smith and Goldsmith, 1990) . A difference in the chromophore might lead to improper coupling of the opsin, thereby resulting in diminished response. Second, it has been shown that the localization of Rh1 in the outer photoreceptors of Drosophila requires the presence of a chaperone protein ninaA. The high specificity of ninaA to Rh1 might have resulted in improper transport of the synthesized TmLW opsin to the rhabdomeres (Baker et al., 1994; Colley et al., 1991) . The absence of PDA in these flies is also consistent with low opsin levels in the photoreceptors. However, all this does not explain the lower signal strengths of the P [TmLW] flies in other areas of the spectrum, when compared to yw; ninaE flies. However, low/no signal strength is not uncommon for ectopically expressed opsins and has been previously documented for locusts (Engels et al., 2000) and Bovine (Knox et al., 2003) There is a substantial difference between our results and those from previous work that estimated that the distal retina might be most sensitive to wavelengths around 520-540nm (Maksimovic et al., 2011) . The reasons for the difference might be among the following. First, intracellular recordings from the distal retina in an intact animal may be influenced by several components of the stemmata itself. These include the presence of screening and accessory pigments, as well as the retinal arrangement (Land and Nilsson 2002) . Quantifying the same opsin in an external system (in our case Drosophila photoreceptors) devoid of screening pigments and complex morphology might alter the sensitivity. Second, it should be noted that the results from previously mentioned intracellular recordings on the distal retina are based on a low sample size of two individuals. Third, the actual spectral sensitivity also can be influenced by the nature of the chromophore. Specifically, a blue-shift by as much as 12 nm in the sensitivity of an opsin after hydroxyl substitution on its chromophore has been previously reported. For example, the reconstruction of bovine rhodopsin with 3-hydroxy-retinal shifted its sensitivity from 500nm to 488nm (Gartner et al., 1991) . As mentioned earlier, the chromophore in Thermonectus stemmata is unknown. We speculate that a change from retinal chromophore in the larvae to 3-hydroxy retinal in Drosophila might cause a substantial blue-shift in the spectral sensitivity. If a change in chromophore causes the spectral sensitivity to shift by 12nm (as reported by Gartner et al., 1991) , then the TmLW opsin in T.marmoratus should have its sensitivity in the green at 500-510 nm range. This value is comparable to what has been previously measured for stemmata in tiger beetles (525nm) (Toh and Mizutani, 1995) . Future studies on how chromophores influence the spectral sensitivity, and what chromophores are present in the naïve photoreceptors are necessary to further resolve this issue.
The spectral sensitivity of the Thermonectus UV opsins
Both the P[TmUVII] lines responded similarly to light stimuli, with a relatively better response in the ultraviolet region of the spectrum than at other wavelengths. ERGs from these flies were similar to the P[TmLW] flies in two respects. One, the "off" transients were restricted to the wavelength range of the inserted opsins (340-460nm). Second, the amplitude of responses were very variable, and on an average, lesser than the yw; ninaE flies. Subtraction of the particularly strong spectral response of one P[TmUVII] fly from yw; ninaE resulted in a peak in the UV at 380nm. This is in accordance with published intracellular recordings from the proximal retina (Maksimovic et al. 2011 ). However, much emphasis cannot be laid on this result, because of the possible influence of other contributing factors such as the sensitizing pigment, and the potential shift due to a different chromophore as mentioned above. Future analysis of the P[TmUVI] flies with microspectrophotometry, that measures the direct absorption of the pigment, could potentially resolve some of these issues.
Although the first instars have an additional UV opsin (TmUVI), its expression is limited and is restricted to the dorsal part of the proximal retina (Maksimovic et al., 2009) in the principal eyes E1 and E2. Besides, no TmUVI expression was observed in E1 and E2 of the third instars (Maksimovic et al., 2011) . Unfortunately, ectopic expression of the TmUVI opsin is Drosophila was not successful (results not shown). The TmUVI flies seem to respond similarly to the yw flies, albeit with a smaller amplitude. Thus, the spectral sensitivity of the TmUVI opsin remains
unknown.
An additional motivation for taking up this work has been to broaden our knowledge of visual signal processing in stemmata. Besides the novelty of "making a fly see like a beetle", our work adds to a very limited pool of research that characterizes stemmatal opsins both physiologically and molecularly (Toh and Mizutani, 1995; Jackowska et al., 2007) . The fact that stemmatal opsins can couple to fly photoreceptors and initiate a visual response suggests a strong conservation in phototransduction machinery between stemmata and compound eyes despite their vast anatomical differences.
